Cytochalasin B has been shown to potently inhibit the transport of glucose, deoxyglucose, and glucosamine by Novikoff hepatoma cells in suspension culture without affecting their intracellular phosphorylation and metabolism. Deoxyglucose transport is inhibited by cytoehalasin B in a simple competitive manner. Although this inhibition is not sufficient to explain the biological action of the drug on cytokinesis, it does explain earlier observations on inhibition by cytochalasin B of the incorporation of glucose and glucosamine, and probably of other extracellular precursors, into macromolecules by various types of cells.
Cytochalasin B (CB) was originally noted by Carter (1) to inhibit cytoplasmic division (cytokinesis) without inhibiting nuclear division (karyokinesis), to inhibit cell movement, and to cause dramatic changes in cell shape. Subsequent reports have indicated a wide range of biological effects, including inhibition of phagocytosis (2) (3) (4) , pinocytosis (5) , secretion of thyroid (6) and growth hormone (7) , and the inhibition of morphogenesis (8, 9) . It has been suggested that the effects of CB may be due to an inhibition of microfilament function (10) (11) (12) . While the effects on the morphology of microfilaments is apparent, such effects may not account for the primary action of the drug (13) . Direct interaction of CB with the cell membrane, on the other hand, could account for all the biological effects of the chemical.
One of us (14) has previously observed that CB inhibits the incorporation of uridine and thymidine, but not of choline, into macromolecules by cultured Novikoff rat hepatoma cells. Preliminary experiments indicated that glucose incorporation is also inhibited. Similarly, the inhibition by CB of phagocytosis by leukocytes is accompanied by an inhibition of glycolysis and respiration (3, 4) as measured by the formation of lactate and CO2, respectively, from glucose. Glucosamine incorporation into mucopolysaccharides by various types of cells is also inhibited by CB, and it has therefore been suggested that CB inhibits mucopolysaccharide synthesis (15) . However, the finding that nucleoside incorporation into nucleic acids by Novikoff cells is inhibited by CB without significantly affecting the increase in cell mass (14) , suggested that CB might inhibit the incorporation of extracellular metabolites into macromolecules by inhibiting their uptake into the cells. This conclusion is supported by the present results and is in agreement with results of previous studies (16, 17) that indicate that transport may be the rate-limiting step in the metabolism of various substances.
MATERIALS AND METHODS
Novikoff rat hepatoma cells (subline NlS1-67), propagated in suspension culture (18, 19) , were suspended to 2 X 106 cells/ ml in basal medium 42 (18) , or glucose-free basal medium 42 (17) , or HEPES-buffered, glucose-free basal medium 42 (17) . Suspensions of cells were supplemented with CB by addition of the appropriate volume of an 8.2-mM stock solution of CB in dimethyl sulfoxide or absolute ethanol. Addition of equivalent volumes of the solvents had no effect on the various processes investigated.
The incorporation of uniformly labeled 2-deoxy-D-'14C]glucose or D-[14C]glucose (International Chemical and Nuclear Corp.), or D-[1-14C]glucosamine (Amersham/Searle) into total cell material (acid-soluble plus acid-insoluble) or into acid-insoluble material (macromolecules) was determined as described (16, 17, 20) . The acid-soluble pools were extracted from labeled cells with perchloric acid, and the acid-extracts were analyzed by ascending paper chromatography with solvent 28 (17, 20) . The conversion of D-[14C]glucose to extracellular lactate was determined by chromatography of samples of the culture fluid (17) , and 14CO2 production was measured by incubation of the cell suspensions in 14CO2 collector flasks (17) . The phosphorylation of glucose by in vitro preparations from NlS1-67 cells was measured as described (17) .
RESULTS

Effect of CB on glucose and deoxyglucose transport and metabolism
The results in Fig. 1A illustrate that the incorporation of ["4C]deoxyglucose into total cell material was markedly inhibited by GB. Chromatographic analyses of acid-extracts from labeled cells indicated that CB caused a uniform reduction in the amounts of intracellular radioactivity associated with free deoxyglucose as well as of its phosphorylated derivatives ( Fig. 1B) . On the other hand, CB, at a concentration of 160 ,M, had no significant effect on the phosphorylation of deoxyglucose or glucose by an in vitro preparation (not shown). Evidence has been presented elsewhere (17) that indicates that deoxyglucose is taken up by NlS1-67 cells by facilitated diffusion with, a Km between 1 and 2 mM, and that the rate of incorporation of deoxyglucose into total cell material is a valid measure of the transport rate. The Lineweaver-Burk plots in Fig. 2 of the initial rates of deoxyglucose transport in the presence and absence of CB indicate 1430 Abbreviation: CB, cytochalasin B. * This is no. V in a series of papers. No. IV of the series is Becker, E. L., Davis, A. T., Estensen, R. D. & Quie, P. G., J. Immunol., 108, 396. that CB inhibited deoxyglucose transport in a simple competitive manner. The Ki for the inhibition (about 1 MAM) was over 1000-fold lower than the Km for deoxyglucose transport.
At a concentration of 100 MAM in the medium, the incorporation of [14C]glucose into total cell material (acid-soluble plus acid-insoluble) and into acid-insoluble material (macromolecules) and its conversion to CO2 was inhibited about 85% by 4.1 MAM CB, and its conversion to lactate about 95% ( Fig.   3 , A-C). In view of the results with deoxyglucose described already and the fact that glucose and deoxyglucose appear to be taken up by the same transport system (17), it seems likely that CB inhibited glucose metabolism by inhibiting its transport into the cells. At a concentration of 10 mM, at which most glucose uptake is by simple diffusion, the incorporation of [14C]glucose into cell material and CO2 was only slightly affected, while lactate production was reduced about 65% ( Fig. 3 , D-F). The apparent greater effect of CB on lactate production than oln the incorporation of glucose into cell material or CO2 mimicked the effect of lowering the glucose concentration in the medium (17) and simply reflected the reduced uptake of glucose by the cells.
Effect of CB on glucosamine incorporation into acid-soluble pool and macromolecules
The results in Fig The suspensions were incubated on a gyrotory shaker at 370, and after 5 min, duplicate 1-ml samples of each suspension were analyzed for radioactivity in total cell material. These values were considered estimates of the initial transport rates (17) . The apparent Km and Ki values were estimated from the slopes of the Lineweaver-Burk lines. 0, 0 MM CB, Km 1.8 
the cells accumulated intracellularly as glucosamine-6phosphate (Fig. 4C ). The incorporation of glucosamine into both total cell material and acid-insoluble material and into the various intracellular acid-soluble components was inhibited by CB to about the same extent (compare Fig. 4, A, B, and C). This finding suggests that the incorporation of glucosamine into macromolecules was also solely a consequence of an inhibition of glucosamine uptake by CB. The Macromolecular synthesis is largely inhibited at this temperature. The cells were collected by centrifugation, washed free of residual [14C]glucosamine, and further incubated in fresh medium at 370 with and without CB. The results in Fig. 4D show that CB had no significant effect on the incorporation of the labeled intracellular acid-soluble glucosamine derivates into macromolecules.
Persistence of inhibition of deoxyglucose transport by CB and reversibility of effect
In the experiment illustrated in Fig. 5A , portions of a suspension of cells were supplemented with various concentrations of CB, and after 90 and 240 min of incubation, samples of each portion were monitored for the incorporation of [14C]deoxyglucose. The results indicate that deoxyglucose transport was inhibited by CB to about the same extent whether it was added at the same time as CB or 90-240 min later. The results indicate that the effective concentration of CB did not decrease during the 300 min of incubation with the cells. In contrast, 12-15% of the 30 MM deoxyglucose added to the Transport Inhibition by Cytochalasin B 1433 not accumulated extensively by the cells nor was it degraded during incubation with the cells. The fact that deoxyglucose transport is inhibited by CB in a competitive manner suggests that CB binds reversibly to the transport sites. This was also indicated by the results of removing cells from the CB-containing media and suspending them in fresh medium. When cells exposed for 10 or 55 min to 4.1 MM CB were collected by centrifugation and either washed once in basal medium 42 or resuspended in basal medium 42 without washing, they were able to incorporate ['4C]deoxyglucose at almost the rates exhibited by the untreated cells (Fig. 5B ).
DISCUSSION
The present results demonstrate that CB competitively inhibits, with high efficiency, the transport of glucose and deoxyglucose and probably of glucosamine. The affinity of CB for the glucose transport system is at least three orders of magnitude higher than that of the substrate itself. Other experiments (Estensen and Plagemann, in preparation) have shown that CB also competitively inhibits uridine and thymidine transport but has no effect on choline transport. Since glucose, uridine, and thymidine are transported by different systems (refs. 17 and 21; and Plagemann, in preparation), CB interacts with at least three transport systems.
The results of the pulse-chase experiment clearly demonstrate that CB has no effect on the incorporation of glucosamine into macromolecules, at least for the first 30-60 min after addition of the chemical to the cells. Results from similar pulse-chase experiments with uridine and thymidine have shown that CB has no effect on the incorporation of ribonucleotides or deoxyribonucleotides into RNA or DNA, respectively. Thus the inhibitions by CB of the incorporation of extracellular precursors into macromolecules by NlSl-67 cells seem to be solely attributable to an inhibition of their transport into the cell. Other transport inhibitors, like Persantine (16, 17) or phenethyl alcohol (22) , have a similar effect. In view of this observation with NlS1-67 cells, it seems likely that the inhibition by CB of glucose metabolism by leukocytes (3, 4) and of the incorporation of glucosamine into mucopolysaccharides by various types of cells (15) is also simply a consequence of the effect of CB on the transport of the glucose and glucosamine into the cell. It seems unlikely, however, that the various other biological effects of CB, such as the inhibition of cytokinesis, cell movement, or phagocytosis, can be attributed to the observed interference with the various transport systems. For instance, incubation of NiS1-67 cells in glucose-free medium rapidly inhibits both nuclear and cytoplasmic division, and incubation of the cells in complete basal medium 42 in the presence of high concentrations of Persantine has little or no effect on cytokinesis (unpublished data). Similarly, phagocytosis by leukocytes is only slightly affected by omission of glucose from the incubation medium (4) . Further, the effect of CB at a concentration of 4.1 MAM on glucose transport is largely overcome by glucose concentrations commonly present in cell-culture media or body fluids (5-10 mM), whereas cytokinesis of NlS1-67 cells is still inhibited in these media (14) . Preliminary results suggest that the entry of substances by simple diffusion is only slightly inhibited, if at all, by CB (unpublished data).
Most biological effects of CB concern functions involving the plasma membrane. It seems possible, therefore, that (V  V) . These suspensions were also incubated at 370 and monitored for radioactivity in total cell material. All points represent averages of duplicate samples.
binding of CB to various membrane transport sites may interfere with other biological functions of the cell membrane. In the absence of specific knowledge of the molecular processes involved in cytokinesis, cell movement, or phagocytosis, this question cannot be answered at present. It might also be possible, however, that the effects of CB may be due to the inhibition of the transport of other essential substances, such as ions, into or out of the cells. This question is under further investigation. The finding that the inhibitions of cytokinesis (1, 14) , of cell movement (1), and of phagocytosis (2) (3) (4) , as well as of the transport reactions, are readily reversed by resuspension of the cells in fresh medium is consistent with the concept that these effects may all be due to a superficial binding of CB to the cell membrane. The finding that the effectiveness of CB in inhibiting deoxyglucose transport does not diminish during 4 hr of incubation with NlS1-67 cells is also in agreement with this view. These findings, however, do not rule out the possibility that small amounts of CB are taken up by the cells. Further work is required to elucidate the mechanism by which an interaction of CB with the plasma membrane may interfere with other membrane processes or affect microfilament structure.
